With the rapid social and economic development in the world, railway transportation plays an increasingly important role. As more railway industry expands, reduction in energy consumption and pollutant emission in railway systems represents a crucial factor for further development and deployment of rail way transportation. The ultimate goal is to provide higher quality service with more energy-saving. Various techniques are being developed to improve train performance in this aspect, which span from modifying the hardware structure to improving control strategy. The purpose of this article is to outline the latest development and state of the art energy-saving control techniques in railway transportation systems. The overview here is focused on two partsdriving strategy and energy storage system (ESS). Some relevant research topics and useful results are reviewed, and the research trends on energy saving are discussed.
Introduction
With the growing population and economy, rail transport has become an effective solution to modern traffic congestion and passenger and cargo flow. In fact, railway systems could bring tremendous convenience to our daily life because of its safe, comfortable, punctual, efficient features. However, the huge energy consumption and potential environmental impact from the rail systems appear to be the major concern these days. As railway networks could consume large amounts of energy, how to ensure the punctuality and ride comfort of trains while at the same time achieving energy-saving, represents an interesting and challenging research focus.
Energy-saving on railways has been studied for many years and the typical technical solution is to combine driving strategy (e.g. coasting), regenerative braking with energy storage systems.
This paper reviews the energy-saving research in railway systems from the following two aspects. The first one is energy-saving driving strategy, aiming at reducing energy consumption without changing the original constructions of the railway systems. The purpose of energy-saving is to utilize new driving strategies with some energy-saving operation principles. The second one is the energy storage systems, which is related to developing new equipments to store or recover the energy, through which the efficiency of utilization of energy is greatly improved.
Research in driving strategy
Railway traction, in recent years, has gained a strong thrust from the growing need of railway traffic. Currently, transportation system designers aim at optimizing performance in terms of less travelling time and lower cost.
In all the railway sectors, energy consumption of railway transport accounts for more than 80%. Rail traction energy consumption accounts for 60% to 70% [1] , which is the main part of the railway energy consumption. Therefore, how to reduce traction energy consumption to make the train run with lower energy is of theoretic and practical significance.
For energy-saving operation, considerable research efforts have been made. The earliest and most noticeable work is from the Scheduling and Control Group (SCG) in North Australia. Researchers in SCG not only conduct theoretic research on train energy-saving operation, but also develop energy-saving optimal systems to guide the trains. Milroy, Lee and Tyler proposed energy-saving operation model in [2, 3] . They showed that in a short running distance with no curve or ramp, the energy-saving control could be divided in to three phases: traction, coasting and braking. In a long running distance, there is one more phase: cruising, as illustrated in Figure 1 .
SCG built the energy-saving control model and proposed a solution based on Lagrange multiplier method. They have developed two separate systems for minimizing energy consumption on trains: Metromiser for suburban trains and Freightmiser for long-haul trains.
For suburban rail journeys, the most efficient way to drive between each station is to accelerate briskly, coast as soon as possible, and then brake. The Metromiser system helps the driver to minimize energy consumption by comparing the progress of the train to the timetable and calculating the earliest coasting time that will still get the train to the next stop on time. The system automatically "learns" the coasting and braking performance of the train on each journey section. It is now being manufactured by Siemens, which achieves energy savings by 15%.
The optimal driving strategy for a long-haul train is much more difficult to calculate, and there are two main reasons. First, it is hard to know the train performance parameters before the journey starts. Second, there are many influences during the journey, such as, the changing of gradient and the speed limit. The group has developed a set of theories on this and collaborated with TMG International on a SPIRT project to develop software that could calculate Themed Paper: A Survey on Energy-saving Operation of Railway Transportation Systems optimal long-haul train journeys, which has been tested on a New South Wales wheat train (some of the results are shown in Figure 2 ).
Based on the construction of the energy consumption of the train, in the early days, people thought there is no need to adopt energy-saving operation strategies for long steep downhill and uphill running. For a general railway line, it is necessary to research the energy-saving strategies. The main energy-saving principle is to use the kinetic energy of the train as much as possible, reducing unnecessary braking, and making full use of the potential energy to increase the kinetic energy of the train.
From this point of view, many researchers have explored various approaches in recent years. Genetic algorithm (GA) and neural networks are used to optimize the operation strategies in a mass rapid transit (MRT) system [4, 5] . In this method, the starting and ending coast points of the train within the running distance are identified first. The coast intervals during a train's running are shown in Figure 3 . The coast points are calculated before the train starts to run and the optimal parameters including punctuality, ride comfort and energy consumption are taken into account in computation. Fuzzy membership function adjustment algorithm is also developed based on differential evolution (DE) theory to solve the same problem. For some cases this method leads to a simpler and better solution to a energy-saving problem.
Many scholars noted that it is meaningful to implement energy-saving operation strategies in steep gradient tracks. In [6] , Liu et al. attempted a solution to energy-saving operation problem in long distance railway lines by considering the speed limit and steep slope and using an analytical method based on maximum principle. In order to reduce the difficulty of the algorithm, they considered continuous control variables. In [7] , Howlett calculated the critical switching points for a globally optimal strategy on a track with steep gradients using a new local energy minimization principle. These works mainly focus on theoretical development.
Research in energy storage system
As trains are moving towards more electrification, more electric trains and hybrid electric trains will be used to achieve better performance, higher energy efficiency, less harmful emissions and better drive-train efficiency. In these trains, energy storage system (ESS) is a key component; overall, it could improve train operation efficiency by supplying electric energy to assist the main power source and reusing regenerative braking energy that would otherwise be lost.
Electrical regenerative braking is an effective way to reduce total energy consumption of electric train and hybrid electric train. About 40% of its energy is used in breaking. Therefore, up to 40% of the traction power of vehicles, which can return energy to the power supply, can be regenerated during braking. Regenerative energy could be stored in the ESS and reused in the next acceleration. However, there are two main difficulties in effective utilization of regenerative energy, especially under DC power railway system. One difficulty is that the regenerative ability closely depends on catenary voltage at the braking train. The maximum electrical braking torque is limited if catenary voltage is low. The other difficulty in utilizing regenerative energy is the need of another accelerating train or energy storage device for absorbing regenerative energy. If the energy is not absorbed by another train, catenary voltage rises, and this will affect the safety of catenary and other trains' operation. Based on the need of energy-saving and environmental protection, many researches have been carried out in ESS.
ESS can help achieve higher energy and power density which can be used as on-board power sources of train. There are various types of energy storage devices such as lead-acid, Ni-MH and Ni-Cd batteries, flywheel energy storage and an Electric Double Layer Capacitor (EDLC).
In railway applications, there are two research thrusts in ESS, one addressing its reasonable circuit configuration and sizing, and the other dealing with its optimal charging/discharging control. The four typical configurations of energy-saving equipment [8] are shown in Figure 4 . Note that the configuration as depicted in Figure  4 (c) has the best performance, it could store the regenerative braking energy, and return to other vehicles. At the same time, traction/braking force of the traction motor could be increased at a high speed, leading to less mechanical braking force. By this way, the energy consumption or running time could be reduced, and various optimal operation strategies of train could be applied. However, the total weight and cost of the converters become excessive for the existing railway vehicles, therefore, systems shown in Figure 4 (d) are developed as an alternative. With only a few restrictions, systems shown in Figure 4(d) have the same performance characteristics as the one shown in Figure 4(c) , and such systems are more practical due to its reduced overall weight.
It is important to choose an appropriate ESS for a given vehicle. In general, the following factors should be considered: Energy (Wh/kg), Energy Density (Wh/L), Specific Power (W/kg), Power density (W/L), Cycle Life (years), and Cost ($/kWh). For a comparison study of different ESSs, one is referred to [9] . Judging from overall performance and efficiency, the EDLC, Ni-MH, and Ni-Cd devices are superior to other devices, and their charge/discharge efficiencies are about 1.3 -1.5 times better than the other storage devices. Among all the energy storages devices, only EDLC can capture and store regenerate energy and release it quickly for reacceleration, so it is appropriate for peak power demand satisfaction. Therefore, the EDLC system has a promising application prospect.
The performance of the major three types of batteries (lead-acid, Ni-MH and Ni-Cd batteries) is discussed in [10] . The Ni-MH battery is more suitable for hybrid electric vehicle (HEV) and plug-in hybrid electric vehicle (PHEV) applications. By using Ni-MH battery, the electric drive train efficiency could be 5%-10% higher than using lead-acid or Ni-Cd batteries with the same energy consumption.
The charging/discharging command of energy storage affects the energy consumption and may influence the optimal speed profile of a train in the velocity-position state space. Masafumi Miyatake and Kunihiko Matsuda developed a mathematical model based on sequential quadratic programming to optimize the EDLC [11] . The acceleration/ deceleration at each sampling point under fixed running time between stations is determined by taking state of charge of the EDLC into account. The charge/discharge command and vehicle speed profile are optimized simultaneously to reduce the total energy consumption.
Future trends in energy saving control
The ever increasing demand on environmental protection leads to more strict energy savings. Railway transportation systems should be operated with reduced energy consumption, ideally, to the absolute minimum level. High-efficiency operation strategies, energy saving methods and CO2 emissions have become vital issues in the railway systems. For this reason, developing new energy-saving optimal driving strategies within different block signaling systems represents the trend for future research. The driving strategies should be different with the block signaling systems. Moreover, the new driving strategies should combine with the performance characteristics of the ESS and the traction power supply systems, the location of the stations and substations, etc. In addition, designing driving strategies in terms of different operation scenarios is also worth considering.
As for the ESS, there are many issues worthy of study, such as how to improve the performance characteristics of ESS while reducing the size and weight of the system as much as possible and effective thermal management for maintaining the desired temperature range, etc.
Currently, Nickel-Metal Hydride (Ni-MH) Batteries are considered as the best of the next generation of batteries. Nickel-zinc has great potential, because it has many superior performance characteristics, but it has the drawback of poor life cycle. With improved cycle life, Nickel-zinc could provide a commercially viable alternative to leadacid, nickel-cadmium, nickel-metal hydride, and silver-zinc batteries.
The EDLC system demonstrates considerable value for the future. It can extend the life of a battery, reduce the cost for replacement and maintenance, and downsize batteries. At the same time, it can provide auxiliary energy whenever necessary. However, the combination of EDLC and batteries could increase the cost of trains. Therefore, the parallel operation techniques of EDLC and vehicle batteries are worth researching in the future.
Conclusion
Energy-saving and environmental protection are two important factors for modern social development. Railway transport is a high energy consumption industry. Advanced research is necessary to reduce railway energy consumption with increased operation efficiency. This paper reports the latest developments and the state of the art on energy-saving control in railway systems. Discussion is focussed on two categories, i.e., driving strategies and ESS, some energy-saving driving principles are introduced. The latest research results of driving strategies and ESS are reviewed. Brief discussion on the trend of the future research is also provided.
It is worth stressing that energy saving, achieved by adopting new driving strategies and ESS, could help reduce pollutant emission, which would contribute greatly to environmental preservation. Moreover, the development of energy-saving techniques in railway system could also help promote the development of computer technique, automatic control technique and new materials technique, and then generate new economic growth points.
